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FOREWORD

This report was prepared by the Ramjet Applications Branch of the
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Patterson Air Force Base, Ohio. The work described was accomplished

under Task 301211, "Ramjet Design and Assessment,” of Project 30712,

"Ramjet Technology,' and represents wor« accomplished from December 1970

to September 1971. The Project Engineer for this work was W. E. Supp.

This report was submitted by the authors January 1972.

This technical report has been reviewed and is approved.
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ABSTRACT

A method for analyzing the performance of a ramjet engine at subsonic
flight speeds is presented. The absence of a known choked pcint (M=1)
in the engine necessitates an iterative solution. A modified ideal gas
analysis is utilized. Ccnsidered are the corventional ramjet with liquid
fuel injection and an ejector ramjet using vapcrizea fuel injected into
the engine at supersonic velocities. In the latter case, the fuel's
momentum is significant and the ejector action draws addtional air mass
into the engine, which must be considered in the analysis. The method
presented compares the two engine cycles at several subsonic flignt speeds
for beth JP-4 and propane fuel. The effects of several levels of component

efficiencies are considered.
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SYMBOLS
SYMBOL EXPLANATION
A area, ft2
Ac intet cowl area, ft?
Cpg burner drag coefficient
Cr thrust coefficient, F/qoAs
Cry thrust coefficient with additive drag, F"/qu3
Cp pressure coefficient for diffuser
F net internal thrust, 1bs
Fn net internal thrust minus additive drag, 1b¢
f/a fuel-to-air mass ratio

conversion facter = 32.17405 1bm ft/lbs sec?

fuel specific impulse, ]bf/1bm/hr.

fuel specific impulse with additive drag, 3bf/?bm/hr.
mass rate of flow, Tbm/sec

mach number
Ibm

1bm-mole
dump pressure loss evpone...

molecular weight,

pressure, 1bf/ft2

total pressure, ibf/ftl

stream thrust, lbg

free stream dynamic pressure, 1bf/ftl

universal gas constant = j545 fi=ibf
Tby-moll - °R

temperature, °R

total temperature, °R
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SYMBOL
(aT7) actual
(aT) ideal

u

dYN - >

o

SUBSCRIPTS
0-5
P

*

SYMBOLS (CONTD)

EXPLANATION
combustor actual total temp. rise, °R
combustor ideal total temp., rice, °R
velocity, Tt/sec
X functic
Y function See Section III
Z function ]
ratio of specific heats
combustion efficiency = (ATT) actual,( ATT) ideal

density; 1bm/ft3

engine stations (see Figures 1 and 2}
ejector ramjet primary chamber
ejector tamjet primary nozzie throat

ejector ramjet primary nozzle exit

total conditions
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SECTION I
INTRODUCT ION

The purpose of this report is to analyze the performance of two
ramjet engine cycles operating at subsonic flight conditions. One is
a conventional 1liquid-fueled ramj?t and the other is an ejector ramjat
that uses gaseous propane. Both JP-4 and liquid propane conventional
ramjets are considered. The ejector ramjet introduces its fuel at
supersonic velocities with a momentum high enough that it might increase
the cycle pressure ratio and overall engine performance over that
obtainable in the conventiconal ramjet. The magnitude ‘. this performance

is determined on an ideal cycle basis.

In this report, three types of engines are analyzed (see Table I):
(1) a propane-fueled ejector ramjet; (2) a propane-fueled ramjet; and
(3) a JP-4-fueled ramjet. Several efficiency levels for each type of

engine are considered.

First, each aagine is assumed to have no internal losses such as
burner drag, combustion efficiency losses, diffuser losses, or friction
losses. Thes~ results establish the basic trends and serve to determine
the maximum values possible for the performance variables. This "no

Toss" case is referred to as the ideal case.

Secondly, component efficiencies are applied equally to all three
engines. Baseline values of these component efficiencies were considered

to be representative state-of-the-art values for a subsenic, JP-4
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fueled ramjet engine; values used were a burner drag coefficient of 4.0

and a combustion efficiency of 90%. These results establish practical

performance estimates for the JP-4 ramjel and compare them with those of

propane-fueled engines having equal component efficiencies.

Instead of using a burner drag coefficient, we applied anothe

efficiency factor to the ejector ramjet. Since the ejector ramjet uses

the dump into the combustion chamber as the flame-holding device and
does not have a baffle type flameholder, the burner drag of 4.0 was

replaced with an estimated dump loss correction based cn experimental

results (Reference 5). Since the ejector ramjet has a diffuser section

ahead of the dump, experimental correcticns (References 3 arnd 4) weve

applied to the flow to account for this diffuser loss.

Most of the above mentioned parametrics were computed assuming

variable inlet size and, therefore, do not consider additive drag

effects. Several select cases have heen corrected for additive drag

to demonstrate the crder of magnitude of the additive drag correction.

The same exit-to-combustor-area ratio of Q.55 is used for all three
engines.

A computer program was written to calculate the performance of these

engine cycles. The method is described in Section III. Appenuixes I

and 11 describe the computer program.
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TABLE 1
CYCLES INVESTIGATED

CYCLE COMPONENT L OSSES
PROPANE-FUELED EJECTOR RAMJET

Cycle 1 No Losses

Cycle 2 CDB =4 and 75, = 90%

Cycle 3 Cp = 0.51, Np = 0.25 and

Ne = 90%

PROPANE-FUELED RAMJET

Cycle 1 No Losses
Cycie 2 Cpg = 4 and 7 = 90%
JP-4~FUELED RAMJET
Cycle 1 No Losses
Cycle 2 CDB =4 and 5, = 90%
3
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SECTION II
DESCRIPTION OF CYCLES

1. THE RAMJET CYCLE

The conventionai ramiet engine has been described and analyzed many
times in the literature, and this baric treatment will nout be repeated
here. The majority of these treatments consider the ramjet at supersonic
flight speeds with a choked exit nozzle, which presents a convenient
station to begin analysis. The ramjet cperating at subsonic flight
speeds, however, usually has no choked station throughout the entire
engine. Figure 1 presents a schematic of such an engine and defines the
engine station nomenclature. A convergent nozzle is usually empioyed
and, since the internal flow is entirely subsonic, pressure changes at
any station are felt throvghout the engine. The mass flow entering the
engine will adjust itself, generally, so that tha static pressure at
the exit (Station 5) is equal to the ambient pressure. There ara a few
cases at high subsonic flight speeds where Station 5 can be choked with

ps > PO'

For the purposes of this analysis, an ideal inlet was considered
so as to facilitate the presentation of data in parametric form. Also,
no capture area was specified. Therefore, ideal onc-dimensional flow
is considered between Station O and Station 3. The results thus present
the net jet thrust coefficient. A known capture area can be imposed and
the data presented can be corrected for additive drag between Station 0

and Station 1. This was done for selected cases to describe the method.
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Component josses can be cunsidered if desired. Total pressure
losses duye to friction or flameholders in the combustor are defined by
a purner drag coefficient, to be defined in the next section. A combustion
efriciency based ua burne- ideal total temperature rise can be specified,
if desired. The nozzle is considered ideal and nn iosses are detined.
Fuel is considered to be injected at room temperature. The fuel mass is

considered in the continuity eguation, but its momentum is neglected.

The analysis procedure was chosen %¢ facilitate rapid calculation
and convergence on digital computer facilities. Component efficiencies,
engine geometries, fucl/air ratio, ang flight conditions are agsumed.

An initial estimate of the free stream area (or mess flow) is mzde and
the properties at each station throughout the engine, from Station 0 to
Station 5, are calculated. The static pressure at Station 5 is compared
with the ambient static pressure of the known flight condition. These
must be equal for a practical solution (2xcept for the one exception
where the exit nozzle is choked). If these pressures do not match, the
estimated value of A, is modified and the calculations are repeated. When
this matching of static pressures has been achieved, the engine per-

formance parameters (thrust coefficient and specific impulse) are calculated.

2. THE EJECTCR RAMJET CYCLE

The analysis of the ejector ramjet i< similar to thal of the ramjet
except in the treatment of the fuel addition. A schemalic of the
ejector ramjet is shown in Figure 2. A fuel injector in the form of a
primary rocket with 2 C/D nozzle is located at Station 1. Fuel is

heated to vaporization and is then introduced into the primary. This

,
TR

b AT e n A




. . — T i 2 EEY T T v oo o kx
e S 2 AR A NPPTInS 15 P e R S L 0 R B A R B e O

X
i R

AFAPL-TR-72-7
/ <{fiomehotder \\
_‘.ﬁ <
\ < /
0 i 3 ] L]
Figure 1. Ramjet Engine
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Figure 2. Ejector Ramjet Engine
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fuel is gaseous at high pressure and elevated temperature. The fuel
expands in the C/D nozzie at supersonic velocities, with a momentum
significantly high to be considered in the cycle. The fuel and air mix
between Stations 1 and 2 without burning. The mixed stream then enters
the combustor through a diffuser and sudden dump. This area change serves
as a flameholding device to sustain combustiorn. The rccket primary

acts as an ejector and draws additional air into the engine. The momentum
of the primary increases the cycle total pressure ratio over that of a

conventional ramjet.

Component losses through the engine can be considered in two ways.
A burner drag coefficient can be applied to rorrect for all pressure
losses, as was done for the conventional ranjet. The losses associated
with the diffusion and sudden dump can be considered separately as a
function of the geometry with correlations to be described in the next
section. A combustion efficien:y based on the burner ideal total
temperature rise can be specified if desired. Incomplete mixing of the
fuel and the air in the mixing tube will result in less ejector action

and less mass flow through the engine than the ideal case.

A provision is incorporated to account for these estimated losses.
The method chosen is to arbitrarily reduce the primary momentum by some
percentage to obtain a reduced pressure level at tne end of the mixing
tube (Station 2). This method was chosen for ease in computer programming
and results in a converged air mass flow Tess than that obtained from the
ideal ejector ramjet but still more than that possible from the conventional

ejector ramjet at the same condition. The component losses can be applied to
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;; the dagree necessary to raeduce ideal ejecter performance to the level

corresponding to actual test data. Mixing losses were not considered

in the study resuits vresanted in this report.
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SECTION IT1
3 ANALYSIS PRUCEDURES

: 1. GENERAL

The ramjet and ejentor ramjet cycles tan be analyzed using constant

e s

gamma. ideal gas equations. It is & requirement for subsonic engines that

LS i

] the pressure at the exit of the nozzle be equal to the free stream pressure.

It is therafcre the purpose of the cycle analysis to find the air flow
through the engine which will allow the nozzle exit pressure to match
the free stream pressure for the given angine parameters. To calculate
the nozzle exit pressure, it is necessary to ceiculate the Mach number
and pressure at each station of the engine beginning at the inlet.

There is one exception tu the above criteria. If the nozzle is choked

the exit pressure can be greater than or egu?l to ambient pressurz

The Mach functions X, Y, and Z will be used so simplify the analysis
p~~cedure in thic report. The following is a brief discussion cf these
functions. The equations of continuity, and momentum and energy are
used to ielate the conditions at one engine station to anaother. 7The
continuity equation in its simplest form states that the mass flow rate

at Station i is equal to tne mass flow rate at Statien i+l. This is

written
M= M4 Madgey ()
Using the ideal gas law p= PM,
RT
9

3 o,
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5 and the following relationships
'; 1
S .
3 | msz=pAY
: Tr=1+ L e
i i *
b
3 Py ( y-1 .\ 7!
E = \ I+ —5— M
kquation 1 can be written
Pr AM
i AL y- Y+ /9 " ]
S e S|
A ZIN
J‘? y(;.g,_h.;mz‘)!.;.)' e My
2 R il
+m oadded
This eguation is simplified by defining
: X /7 T Xlw) 7 eisiny
3
% This gives the final 7orm of the continuity equation
E.p‘j
?é =f 'z
E’, [?TAX ScMwi {5» AX GoMw | *.1 cddad (2)
3 T R - l 5. R
% 1 v T i VT Jidld
E The momentum eguation for a fricticnless, concvant avea duct is
34
LDy Pﬁ;} -r%-”w-m{
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This equation can be expanded in a manner similar to ihe continuity

equation to give

prad =Bt
where Z is defined as
7= LA M 4
(14 j;%l'*z)7ﬁ-|

The quantity PYAZ is called stream thrust and is denoted by the symbol ?.
If the.continuity and momentum equations are combined, the following

equation is obtained

(4)

where

Equations 2. 3, end 4 are used to calculate the flow conditions thiough
the inlet. A complete exglanation of these equations is given in
Raference 2. The Mach numoer functions Y, Y, and Z are used to determine

+he Mach number.

In this study, all engine areas and the fuel/air ratio are assumed

known, as wel™ 48 the free-stream temperature, Pressure, and Mach number.

1
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The ideal temperature rise in the combustor, the molecular weight, and

the gamma at the exit of the combustor are tabulated as a function - the

air total temperature and the fuel/air ratio. Values of combust:
efficiency, et and burner drag coefficient, CDB’ were assumed to permit

us to evaluate their effect on engine performance.

Tha combustion efficienrcy is defined as

. (AT
Ne = {zr?%%éctual

ideal ) %

Py, — P,

+7s 4y M5 P,

The burner drag coefficient is defined as

v,

CoB

where the term ﬁ3 - 54 is the drag loss caused by the flamsholder.

2. RAMJET ANALYSIS
The ramjet analysis consisted of the foilowing: First we assumed an
inlet capture area. Then we used the continuity equation to calculate the
- conditions at the entrance to the combustor, and the momentum and
continuity eguations to calculate the conditions at the exit of the
combustor. Finally, we used the continuity eguatior vo relate the
condition at the exit of the combustor to the cunditions at the exit

of the nozzle.

12
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The method of analysis i3 as follows:
(a) Assume an A,.
‘ (b) From continuity, calculate the Mach number at Station 3.
Assuming the iniet isentropically diffuses the air and the value of
gamma at both stations is 1.4, then

A

L
My= F(X,)

(¢) Calculate the free-stream total pressure.

Jo
Py {1+ ? v Ry

PTO =

Since isentropic diffusion has been assumed in the inlet, it iollows
that
Pr3® Pr

(d) cCalculate the mass flow rate of air

My = PoAu Mo, /72 0B

R Ty

(e) From the given fuel/air ratio, calcuiacte the fuei flow rate.

g = ';‘A f40

I -
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(f) Calculate the Mach number at Station 4 from the continuity

and momentum equations.

Y
= Al
Y4 4% /0 ./ Muo [H, 7, L'Ta -TM)] I+ y M3
Mw 4 TTo [H'T"s (-5 coeﬂ
Mg = £(Y,)

(g) Calculate the total pressure at Station 4 from the momentum

eguation.

(h) Calculate the Mach number at Station 5 from the continuity

equation. It is assumed that the values of gamma, total temperature,

and total pressure at Station 5 are the same as those at Staticn 4.

A
X5=X4 —A':“

Mgz f (X,)

(i) Calculate the static pressure at Station &.

Py,
Py = i}
* (s LALLRV'Y ASRAN

(j) Compare the static pressure at Station 5 with the ambient
pressure Po. If these pressures do not compare reasonably well, adjust
A, and return to Step b. |If

Pg > Py, increase Ay

Pg < Py, decrease A,

gk o 2 7 Fereyy
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Once the pressures have be ) satisfactorily matched, the engine performance
can be calculated.
(k) Thrust = Pry A, Zs — Pr, Ao Zo—7p, (Ag~A o)
Isp = thrust/m¢
Note: If the Mach number at any station exceeds one, reduce A, and
return to Step (b). If the Mach number at Station 5 equals one and

Pg 2 Py, this is a solution.

3. EJECTOR RAMJET ANALYSIS

The ejector ramjet was analysed in a manner similar to the ramjet.
In addition to burner drag and combustion efficiency, ejector
effectiveness, diffuser and dump loss were also considered. Integration
of the ejector into the ramjet cycle analysis is the only major deviation

from the previous analysis.

The method of analyzing the ejector ramjet is as fcllows:
(a) Assume a value for Ay.
(b) From the continuity equation, calculate the Mach number at
Station 1, assuming the inlet isentropically diffuses the air, and the

value of gamma at both stations is 1.4.

X|'-'-' XQ Aﬂ.
(
My = f X))

(c) Calculate the rree stream total pressure

PTo =Po {I+ ____.ro.;' Ms ) Yo —1\
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. Since isentropic diffusion has becn assumed in the inlet, it follows
that Pri = Pro
: (d) Calculate the air stream thrust at Station 1 f.om the momentum
_; equation.
i (e) Calculate the mass flow rate of air.
my = Po Ag Mg /% S M,
2 ' (f) From the given fuel/air ratio, calculate the fuel flow rate.
ﬁf = ﬁA t/a
(g) Calculate the total pressure of the fuel injector assuming
? a choked throat. In this analysis the ejector geometry is fixed;

therefore, the ejector total pressure is varied to match the flow rate.

Pre = BiRe o/T1LH

Sc My

where Ax = area of injector throat
4 X+ = X function at throat
ﬁ Tty = total temperature of fuel

b (h) Calculate the Mach number at the exit of the injector.

: Ap Ay
: x. B Ae
E Me=f (X,)

k: 16
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(i) caiculate the stream thrust at the ejector exit.

(i) Calculate the temperature, molecular weight, and gamma of the

mixed fuel and air at Station 2 by mass averaging the individual

properties. The individual physical properties are obtained from tables

of data or empirical correlations.

(« Calculate the stream thrust at Station 2 from the momentum

equation. For the {deal case

If it is desired to account for inefficiency of the ejector action, a .

component efficiency can be incorporated. Fnr example
Pp= P, + 7 P,

(1) Calculate the Mach number at Station 2, from the continuity

and momentum equations. i

n"(
i
>
Rii
h’ l‘a
-
]

T2
’3??]3}2

Ma= £ (Y,

(m) Calculate the total pressure at Station 2 from the momentum

equaticn.
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(n) Calculate the stati. pressure at Station 2.

- -1 =
Bz P+ 722 CHRIRC

(o) Calculate the static pressure at Station 2' if diffuser losses

are to be considered

Pzl Cp Y2 ME4t )P

whewe‘c’:p is an experimentally determined diffuser loss factor obtained

from References 3 and 4., If icentropic diffusion is assumed

P = P,

(p) Calculate the Mach number at Station 2' using the continuity

equation.

My = |-12 \ﬁ+ 2(Y2-1 )(tha + M§)R 712
P02 AOZ 9
2 2 Y, Yc¢ Mﬂ
-1 ]

(q) Calcuiate the total pressure after the dump at Station 3, by

using the following equation:

R/

where ND is obtained from Reference 5.

18
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(r) Calculate the Mach number after the dump at Station 3.

X
3 PT3 A3 Jc sz
Mg =f (xg)
(s) CcCalculate the static pressure at Station 3.
X

Y -1 -
Py=or 04 L7 ) 72

(t) Calculate the Mach number at Station 4 from the continuity

and momentum equat )ins.

v+ ¥ M3

P 3\/"“ [“‘ Trs ] '[n+ym§(!-u cDB)]

Mg =t (Y,)

(u) Calculate the total pressure at Station 4 from the momentum

equation.
2
Zs M3 Pg
—_ - C Y, —
PTa PT; [ ra * o8 ‘2 24 PT; ]

(v) Calculate the Mach number at Station 5 from the continuity

equation. It is assumed that the values of gamma, total temperature,

and total pressure at Station 5 are the same as those at Station 4.

Ag
Xg=Xq —
] 4 A°
Mg = f{Xg)
19
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(w) Calculate the static pressure at Station 5.
i 7 ‘ 'E_
o= pr, e B5L gy %
(x) Compare the static pressure at Station 5 with the ambient
Pressure P,. If these pressures do not compare reasonably well, adjust
Ao and return to Step (b).
: (y) If the static pressure and P, match,
4
E Thrust = p“ Ag Zg — To A0 Z0- Py (Ag—ag)
] Isp = thrust/ine
i;
: Note: If the Mach number at any station exceeds one, reduce A, and
] return to Step (b). If the Mach number at Station 5 equals one and
P5 > Pg, this is a solution.
&
E:
:
2
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SECTION 1V
STUDY RESULTS

1. IDEAL PROPANE EJECTOR RAMJET

Figure 3 presents the parametric performance dat: for a propane
fueled subsonic ejector ramjet at an altitude of 23,000 feet, AS/A3 = 0.55,
and 100% efficiencies. Plotted is the thrust coefficients (Cg) based on
free stream dynamic pressure and combustor area versus fuel specific
impulse (ISP). The dashed lines represent constant values of fuel-tc-
air ratio and the solid lines represent constant values of free stream
Mach number. Several factors are evident from this figure. First,

it is noted that for this ideal case, as the fuel-air ratio decreases

the fuel specific impulse continues to increase while the thrust decreases.

Obviously, the specific impulse must maximize at some f/a ratio and then
decrease as f/a ratio is lowered further. This will be evident when
component efficiencies are introduced into the cycle. The second
prominent feature occurs above the stoichiometric fuel/air ratio (f/a
0.064). As more fuel is added above the stoichiometric point the
thrust continues to increase. .This phenomenon is not present in the
conventional ramjet because the contribution of vuel momentum is not
congidered in the ramjet cycle. In the ejector ramjet cycle as the fuel
flow rate continues to increase the fuel momentum increases and thrust
benefits accrue, at a loss in specific impulse. Also, it is noted

that specific impulse improves sign.ricantly with Mach Number over the

range considered.

2]
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Figure 3. Ideal Ejector Ramjet Performance
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2. PROPANE EJECTOR RAMJET (CDB = 4.0, M = ¢.90)

Figure 4 repeats the results of Figure 3 for a propane ejector ramjet
except that a burner drag coefficient of 4.0 and a combustion efficiency
of 0.90 has been included. If the figures are compared, it cai be seen
that the performance, both thrust coefticient and specific impuise,
have been lowered by inciuding the efficiencies. Also as the fuel-air
ratio is decreased the specific impulse does not continue to increase
as it did in the ideal case, but maximizes between f/a = 0.02 and 0.03
and decreases as f/a approaches zero. Figure 5 considers additive
drag for an engine with A./A3 = 0.2047. The design point at which this
Ac/A3 was chosen is Mg = 0.95 and Cp = 0.5. Figure 6 is a composite of
several constant Mach number lines taken from Figures 4 and 5. The
dashed lires in Figure 6 stop a. the line representing full inlet
capture. The addiiive drag effects on engine performance are small in

magnitude but increase with increasing Mach number.

3. PROPANE EJECTOR RAMJET (DIFFUSER AMD DUMP LOSSES)

It was peinted out previously that the ejector ramjet had a sudden
dump into the combustor, which served as a flameholding device;
therefore, perhaps the burner drag coefficient of 4.0 used previously
was not appropriate. So in an attempt to use component efficiencies
consistent with the ejector ramjet gecmetry, experimental data was
cbtained to account for the dump loss into the combustor and other duta
applied to the diffuser directly ahead.of the dump. The method of
accounting for these effects is described in Section III. A diffuser
loss factor Eb of 0.51 and a dump loss factor Np of 0.25 were used

instead of a burner drag coefficient. A combustion efficiency of 90%

23
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Figure 4. Ejector Ramjet Performance for CDB =4 and 7. = 90%
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Figure 6. Effects of Additive Drag on Ejector Ramjet Performance With
Cpg = 4 and 7 = 90%
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was maintained. It can be seen from Figure 7 that this case with dump

sictphthiownk RN

and diffuser loss is worse than the previous case with combustion

e b b b

efficiency of 30% and a burner drag coefficient of 4.0. The absolute

vaiues of Eb and Ny are for the specific geometry evaluated and apply f

only to that particular case. :

Figures 8 and 9 show the effects of additive drag with an A /A3 = 0.1825
which was chosen at the design point corresponding to M, = 0.55 and

C= = 0.5. As was noted fo: the previous case with Cpg = 4, the additive

drag effects for this case are small.

4. IDEAL PROPANE RAMJET

Figure 10 presents the resuits for a propane-fueled ramjet with no
internai flow losses and an exit area ratio Ag/A; of 0.55 at 23,000 feet
altitude. Figure 10 is a »nlot of the thrust coefficient versus fuel

specific impuise. The same trends are present as for the ejector ramjet

ST DT T BN LA daL kL P i e L o 4

(Figure 3) except that above the stoichiometric fuel-air ratio there

is nc additional increase in the thrust coefficient cince fuel momentum

is not considered in the ramjet cycle. Thrust crefficient increacas

1

:E.
3
4
3
k]
E
=
%
3
=
3
3
a
3
g
E
g
a
2
%—'_f
£
3
2
E
=
£
§
%
2
-
&

with f/a ratio as specific impulse decreases. Here, also, there is no

i maximization of the specific impulse as the f/a ratio decreases. Again,
the specific impulse increases as the subsonic flight speed increases.
In general, the ideal ejector ramjet has better performance at fuel/
air ratios above approximately 0.025; how2ver, this comparison assumes

no internal flow losses for either engine.
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Figure 8. Ejector Ramjet Performance With Ad”.cive Drag, Diffuser and
Dump Losses, and 7 = 90%
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Figure 9. Effects of Additive Drag on Ejector Ramjet Performance With
Diffuser and Dump Losses, and 7. = 90%
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5. PROPANE RAMJET (Cpg = 4.0 and = = 0.90)

Figure 11 presents the results when using a burner drag coefficient

of 4.0 and a combustion efficiency of 0.90 for the propane ramjet.

W

They are directly comparable to the ideal case, Figure 10. While the

values of thrust and specific impulse are lower for the case with the

ek g i Free

burner drag and combustion efficiency, the basic trends are the same

Fraraas

with the exception of the lower fuel-air ratios. As the fuel-air
ratio decreases, the specific impulse does not continue to increase;

it maximizes and then decreases as the f/a ratio approaches zero.

6. IDEAL JP-4 RAMUJET
Figure 12 presents the ideal performance for a JP-4 fueled engine.
This data is similar to the data shown in Figures 10 and 11 for the

propane ramjet. Again no internal losses are assumed and Ag/A3 is

0.55 at an altitude of 23,000 feet. The same trends are evident
although the propane ramjet has a slight advantage at the low and medium

fuel-air ratios. Above the stoichiometric fuel-air ratio (0.068 for

Wi M gl i

JP-4 and 0.064 for propane) the performance is almost identical.

7. P-4 RAMJET (Cpg = 4.0 and 5 = 0.90)

Figure 13 presents the results for a JP-4 ramjet witl: a burner

drag coefficient of 4.0 and a combustion efficiency of G.90. Figure 13

is directly comparable to Figure i2.

Figures 14 and 15 show the effects of additive drag with AC/A3 = 0.1976,

which was chosen for the design case of My = 0.95 and Cf = 0.5.
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Figure 14. JP-4 Fueled Ramjet Performance With Additive Drag,
Cpg = 4, and 7 = 90%
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SECTION V
COMPARISONS

The ramjet and ejector ramiet performance parawmetrics shown herein
can be used for several comparison purpnses only. The results are valid
for the assumptions made. In general, an application requires that an
engine operate o.er a wide envelope with fixed geometry, which necessitates
considering additive drag. In addition, the external drag of the engine
nacelle must be ircluded, as well as any vehicle/engine interference
drag. Without these specific effects, the following general comparisons
can be reached.

Figure 16 compares che paramstric performance . * -z ‘deal engines
at Mach 0.7. The lowest point on each line is for ;;a = 0.02 and the
highest point is for f/a = 0.1. As the fuel/air ratio increases, the
thrust increases at a sacrifice in specific impulse. At the very low
fuel/air ratios the performance is nearly identical. As the fuel/air
ratio increases, the advantages of the ejector ramjet become apparent.
The "X" mark on each line indicates a stoichicmetric fuel/air ratio.
Thrust levels below this mar . indicate lean engine operation, and those
above this mark indicate fuel rich operation.

The prupane ramjet and the propane ejector ramjet can be compared
in many ways. As noticed on the ramjet curves, the thrust maximizes
at about the stoichiometric fuel/air ratios; richer mixtures are of no
advantage to the ramjet. Comparing the ideal engines at this stoichiometric
fuel/air ratio indicates that the ideal ejector ramjet has a thrust
advantage of 18% and a specific impulse advantage of 11%. The ejector
ramjet can increase thrust at a sacrifice in impulse by operating fue!l
rich; this is no advantage to the ramjet.
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Let us rompare the ejector ramjet operating at a f/a = 0.1 and the
ramjet nperating at stoichiometric. For this case, the ejector ramjet
has a thrust advantage of 37% but a specific impulse that is only 76%
of that possible with the ramjet. Figure 17 shows the same comparisons
at Mach 0.95. The same comparisons can be made from Figure 18 for Cpg = 4
and 7. = 90%2. With both engines operating stoichiometrically, the
ejector ramjet has a 17% thrust advantage and a 10% specific impulse
wdvantage, sligitly lower than for the ideal case. With the ejector
ramjet operating at f/a = 0.1 and the ramjet at stoichiometric, the
ejector ramjet has a 35% thrust advantage but again at 76% of the

ramjets’ specific impulsa.

If the ejector ramjet has the drag predicted from References 4, 5,
and 6, and the ramjet has a Cpy = 4 and 7 = 0.9, we obtain the
following results. With both engines operating stoichiometrically, the
ejector ramjet has an 8% thrust advantage and a 5% specific impulse
advantage over the ramjet. With the ejector ramjet operating at f/a = 0.1,
its thrust advantage over the ramjet is 21% but its specific impulse is
only 65% that of the ramjet. Similar comparisons can be made at Mach 0.95
and 23,000 feet from Figure 19; it must be pointed out, however, ‘that
this coaparison is made 2t a maximum thrust level and at a very Tow
specific impulse 1level, which gives the maximum potential advantage to
the ejector ramjet. For a cruise application a lean fuel/air ratio would
likely be chosen to maximize specific impulse; at a condition of say
f/a = 0.3, the advantage of the ejactor ramjet is considerably reduced
or even eliminated. For instance, at f/a = 0.3, vhe ramjet would produ.e

16% more thrust at 10% higher specific impulse. One parameter which

39
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is important to the effectiveness of the ejector ramjet is the ratio

of the primary to the inlet air stream thrust. As this parameter
increases, the ejector ramjet becomes more effective in {ts pumping action.
Figure 20 is a plot of this stream thrust ratio versus fuel/air ratio for
various flight mach numbers. As can be seen, this parameter increases
with increasing fuel/air ratio; therefore, the pumping action of the
ejector ramjet will be greater at the higher fuel/air ratior. This
effectively increases the amount of air flowing through the engine,

thus giving more thrust than is possible with the conventional ramjet

at the higher fuel/air ratios.

40




_ e T AT RETR et e e Y T RSN T

DT~ T T NSRRI At R ’ Jow—y - - kl
AFAPL-TR-72-7 ‘

0.9¢ X indicates stotchiometric fuei/air ratio
5 o8 ~— EJECTOR RAMJET

o7}

1
Cr

s PROPANE RAMJET

0-6 = S

v
os} JP- 4 RAMJET— P :
%

}
! os }
;
s 0.3 -

0.2 | 1 1 | |

200 400 6co 800 1000 1200
ISP
Figure 16. Comparison of the Ideal Engines at My = 0.7
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Figure 17. Comparisun of the ldeal Engines at M, = 0.95
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Figure 18, Comparison of the Engines With Efficiencies at My = 0.7
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SECTION VI
" CONCLUSIONS

The potential performance o1 the ejector ramjet and the conventional
ramjet have been determined. At high fuel/air ratios, the ejector
ramjet has a thrust advantage over the conventional r-mjet. The
relative ranking of these two engine systems can change drastically,
however, depsnding on the internal flow losses and combustion efficiency
assumed in the araiysis. In addition, the relative advantage changes
greatly with the fuel/air ratio considered. The assumptions of CDB = 4.0
and 7 = 0.90 for the ramjet are considered as state-of-the-art values
for JP-fueled ramjets. The ejector ramjet losses assumed from
References 3, 4, and 5 are considered representative, although data
from a real engine of this type is lacking. Predictions of internai
drag in References 3, 4, and 5 are based on experimental data. Comparing
these cases shows that the ejecter ramjet has an advantage at the high
fuel/air ratins and the conventionai ramjet has an advantage at the
low fuel/air ratins. T7The reason for this difference is that with iarge
fuel/air ratios the ejector pumping action ic greater and the cycle
pressure is increased, while at the lower fuel/air ratios the ejector
pumping action is less. This is directly related to the momentum ratio
of tne ejector to the inlet air stream which increases as the fuel/air

ratio increases.

The data contained in this section is parametric, with no fixed
inlet size. A real engine with a known capture area will have an actual

thrust lower than that estimated herein when additive drag and external
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drag are included. This was illustrated in Section IV for one particular
design point. This thrust decrement should affect each engine similarly,
however, and should not change the relative ranking derived from this

comparison.
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APPENDIX 1

ENGINE PERFORMANCE COMPUTER PROGRAM
INPUT AND OUTPUT PROCEDURES

HET
e Qe

"t Y

For ease of operation, the data read into the program has been
divided into four sets: (1) the fuel data set, which contains the
tables of gamma, molecular weight, and temperature rise for the combustion

products as a function of initial temperature and fuel-air ratio; (2) the

AR

engine geometry and the efficiency parameters, initial values of which

are built into the program; since this set of data is entered in Namelist

REF TP

form, only those parameters having values different from the initial ;

values need be entered; (3) flight parameters at which the engine is

it s L AN N i

to operate, including the Mach numbers, altitudes, and fuel-air ratios

for which engine performance is to be calculated; (4) the job title

TRy

i and the job code. The order of the first three data sets in the data

deck is not fixed, but the fourth set must appear last.

Each data set is identified by a key word which alerts the program
that the following data belongs to a particular data set. The key words
corresponding to the above four data set< arc: FUEL, GEOMETRY, RANGE,
and PROBLEM. Each key word must start in cclumn one. Tables I through
IV display cthe form of all the input data cards.

Table I shows the format for the fuel card set. Card 1 contains
the word, FUEL, starting in column one. Nothing else appears on this
card. Card 2 contains two numerical values: the number of fuel-air

ratios to be entered later in columns 1-10, and the number of initial

§ 48
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air total temperatures in columns 11-20. Card 3 gives the list of fuel-
air ratios, starting in column 11, with six numbers per card; up to

three cards may be required. The rirst ten and the last ten columns

of these cards are reserved for identification data. (This identification
data is not used by the computer.) The other lists of data in this set

are entered on the same format. Each list begins on a new card.

Table II shows the variables that are entered on a Namelist card.
A description of this type of data entry is given in the Fortran Extended

manual.

Table I1I shows the format for the flight parameters. Card 1 contains
the word, RANGE, starting in column one. The second card contains the
number of Mach numbers, number of altitudes, and the number of fuel-
oir ratios. Ten spaces are allotted per number, starting in columa one.
The third card contains the 1ist of Mach numbers, where each number is
allotted ten spaces. The other two 1ists are similar, except that the
fuel-air ratio list may require more than one card tc complete the list.

Figure 21 shows a typical data deck.

The printed output from the program gives the cycle performance and
many engine parameters. Line 1 shows the problem title and the altitude.
Line 2 shows the capture area in square feet, the conventional thrust
in pounds, the corresponding thrust coefficient, specific impulse,
specific fuel consumption, fuel-air ratio,and the flight Mach number.
Line 4 shows the values of thrust in pounds, thrust coefficient, specific

impulse, and specific fuel consumption, which have been corrected for
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additive drag. Line 5 presents the engine stations and serves as a

title for the data immediately below. Column titled E presents data for

the exit of the ejector, which is used only for ejector ramjet problems.

Line 6 gives the Mach number at each station. Line 7 presents some of

the important values of gamma that were used. Line 8 shows the flow

area in square feet at each engine station. Line 9 shows the pressure

in atmospheres at each engine station. Line 10 shows the total pressure

in atmospheres at some of the engine stations. Line 11 gives the total

temperature in °R at some of the important engine stations. Line 12

shows the stream thrust in pounds force for some stations. Line 13

shows the molecular weight at two stations. Finally, the last line shows a

convergence parameter titled cycle, the free stream pressure in 1bs/fte

the pressure at the engine exit in 1bs/ft2, tne air flow rate in lbs/sec,

and the fuel flow rate in 1bs/sec. A sample output is shown in Figure 22.
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TABLE I - FUEL CAKDS3
Card
Order Contents Format
1 FURL Al¢C
2 Number of fuel-air ratios (max value - 18) 2110
Number of initial air temps (max value - 12)
3 List of fuel-air ratios 10X,6E10.0
4 List of initial air temperatures 10X,6E10.0
S List of temperature rise data corresponding 10X,5E10.0
to the fuel-air ratios and the initial air
temperatures.

5 List of molecular weight data corresponding 10X,6E10.0
to the fuel-air ratios and the initial air
temperatures.

il

PRIV

7 List of gammas corresponding to the fuel-air 10X,6E10.0
ratios and the initial air temperatures.

N A I

§oom e

R A T ]
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TABLE IL - VARIABLES IN GE@M NAMELIST

The key word GEfMETRY precedes the namelist data. This
word is read in on a AlCQ format.

Value
Variable Type Before Definition § Comments
Read
Al R 1.23 Area of station 1 in sq. ft,
ASTAR R 0.00753 Area of ejector throat, sq. ft.
AE R 0.030121 Area of the ejector exit, sq. ft.
A2 R 1.2601 Area of station 2 in sq. ft.
A3 R 5.2414 Area of station 3 is sq. ft.
A5 R 2.8852 Area of station S in sq. ft.
DUMPL®S L FALSE Calculate diffuser § dump losses if true
ETAF2 L FALSE Use a fraction, ETAMIX, of the ideal
momentum a¥ station 2 if true
ETATE L FALSE Use a fraction, ETAMIX, of the ideal
gjector momentum if true
ETAMIX R 0.0 Mixing efficiency
TTF R 1300.0 Total temper: . & of ejector flow in °R
A2P R 2.52 Area of sta.ion 2' in sq. ft,
ND R 0.25 Dump loss parameter
CPR R 0.51 Diffuser performance parameter
Cpa R 0.0 Burner drag coefficient
ne R 1.0 Combustion efficienty
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TABLE IO - FLIGHT PARAMETERS

Card
Order Contents Format
1 RANGE AlQ
2 Number of Mach numbers (Max - 8) 3110
Number of altitudes (Max - 4)
Number of fuel-air ratios (Max - 20)
3 List of Mach number 8E10.0
4 List of altitudes 4E10.0
5 List of fuel-air ratios 8E10.0
TABLE I - ENGINE IDENTIFICATION DATA
Card
Order Contents Format
1 PREBLEM A10
2 Job title and job code 12A6,18

(For an ejector ramjet the job code is
any integer less than or equal to 0.

For a ramiet use any integer greater
than 0.)

(The job title can be any comment the user wishes
to nake)
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( ERJ TEST CASE
” PRPBLEN 5
fa TEST CASE 1
PR@BLEM
f FLIGHT PAPJ\METE?S"
RANGE
(3 GE@M ETAC = 0.9,.....
GEPMETRY

| mﬁf FUEL DATA CARDS

(’FUEL‘

Figure 21. Typical Data Deck
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W

MOMC Y CHC 5600 FYR V3.0-251A OPT=1

" -

114
1110

708
701
112

PROGRAAM MO SRJ (INPUT, QUYDUT, YAOESzINAUT, TAPEG=QUTPUT)
RTAL ND L )

EVTERNAL CYCLS, yMaC, AINLIT, RBIMNLFY

LOGICAL NUMNPLOS, RJ, TILP, ETAFZ, FTA4FE

DAIMINSTON RAMOYL ) ¢ AALT (L), AFARP(20), TITLE(L2)

COMMON FCYCL/ 85, FS; 4, TT4s GAML, WTM4, T70, ETAC

CONMO /9UMA/ AME, COB, 4P

OOMMON JATNLT/ AL, AG, AC, ASTA%. A'Q, A1, AM3ITK, QUMPLOS,

1 FTAMIX, ETAF2, FTAFE, FAR, ~“AMT, INXT, PO, PTQ, TC, TTF
CONMAIN/NUMYZ A2 A3, AWT ) AM2,F2,GAM2,P T3, MT2,HA, HF, A2P, CPR,ND
NAMELIST/GEOMF NUMPLOS, ETAY¥2, FTAFF, E£TAMIX, TTF, A1, ASTAR,

1 A€, A2, AZ, 45, A2P,fPR, N3, CN3, FTAS
JAYA FUE/ZULHFUEL/, GFN/8HGHEOMTTRY/, WANG/SHRANGE/,PROB/THPAOBLEY/
STAF2 = FALSF,

STAFC = FALSF,
MILNS = LFALSE,
YTF = 1300.0

229 = 2,32
CTAMIX = 1.0
CPR = (.51

ND = 8,25

CNB = (.3
£TAC = 1.0

A1 = 1,73
ASTAR = 3,00753
AF = 0,030124
A2 = 1.7601
A2 = 65,2414
A€ = 2,R852

AMOLA = 1.0/28,965

READ (F,2) WORD

FORMAT (ALD) .

Y2ITE (£,3) YORD

FARMAT (iH A10)

IF (WOPD .EG. FUF) G6I TO 19

IF (WOPD .EO, GFC) GO TO 20

IF (WOPD .EQ. PANG) GO TO 11i

If (WORD .FQ. PROR) 60 To 701

YOITE (6,25)

FORMAT (194 STNP PRO3)

L0 [0 1001

GALL FUELNAT(0.0, Cod, 0.0, 2.8, 0,2
60 TO 1

RFAD (6,GE0H) |
60 10 1

REAN (F,1110) NUMAM3, NUMALT, NUMEAR
FORYAT (3110)

READ (5,700} (AAMB(I), I=i,NUMAMG)
READ 18,700 (AALT(“), I=1,NUMALT)
AN (F,700) (AFAR(L), I=1,dUMFaR)

50 TO 1

FURMAT (RT10,0)

REAN (8,112} (TITLE(T), I=1,12), TCOIF
FORMAY (1286, 18)

IF (EOF(S)} 1000, 1032

57
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10827 GONTINUF T o ’ o
RS = JFALSE.
IF {10007 LGT. 07 R = LTRUZ,
N0 705 Jt = 1, NUMALT

ALT = RALT(JL)

TALL ATMOS (ALT, T8, DADSL, MO, TATSL, PAPSL, C, ViS, 1)
B = PAPSL*14L,0%14,696

.90 705 JZ=1,NUMAME
AMD = AAMO(J2) )

FTD = 16¢TRC1.4, AMO}

HRPTITE (6513)

13 TARMAT (1HOD 13(L0H* * * 1}
OTO = PO* (1.0 + 0,2%(AMO¥*¥2))*%2,5
1IF (/P GO TO 15

TTITHIAT = TYFAH.83/1.8
CALL PPOPAN (TTHRAT, CPF, HFAKF)
SAMY = COF/(CPF - 1.987)

TGz TTF/1.8 )
CALL YPOPAN (TT, CPC, HTF)
TAIR = T0/1.8 ~

SALL AIRTR® (TAIR, GPB, HAIII
HTA = PAIR + (28,9A6*{CRAM0) *%2)/(2.0%32,25778,15%1, &)

15 N0 708  J3=1,WHUMFAR

FAR = AFARI(J3} o

CALL FUELINT (TT9, FAR, DT, WTMh. GAME)

TT64 = TTO + ETAC*DT

TF (RJ) 60 TO Les

AMOLF = FAR/4L.0

TK2 = 350,0

HT2 = (AMOLA®HTA + AMOLF*HTF)/ (AMOLA + AMOLF)

16 201 I=1,3 )

CALL OFOPAN (TK2, CPFy K}

SLLU AIRTHR (T2, CPR, H1Y

TP = (AMDLA*CPA + AMOLF*CPF) /(&MOLS + AMOLF)

TK20K = YT2/CP + 300,0

TCHEK = TK2CK =~ TK2

L « bmrma e At memm——— - . v mm - - -

e man memie et aeers aav s - P cwe v @ en s b v e e - -

201 TK2 = TK26K
LT TR e e e i ei e e e n s C e e
ANT ' (1,0 ¢ FACY/ (5401 A7+ AMOLF)

GAM2 = CP/(CP -~ 1,987)
498  ACLOM = N.1%A3
I (,M0T. RJ} GO TO 488
At = A?
AT = 28,966
B4 PN S L
SAM2 = 1.4
489  ACHISM = A1
X5 = X(GAM4, 1.0)
X = XS5¥AG/AZ
_AMB = XM(YG, GAM4)
Zu=7(GAMy, ANY) T T
Ya = Y(GAM4, 0OM4) i B
Y4P = Y4*SORY (HTM4*TTZ/ (ANT*TT4*5AN2))
IF (RJ) Y4P = Y4P/(3.0+FARQ)
CALL SOLNSW (BUMAC, 7.0, AM4, TRAP, Y1}

M men n vre m e ver Ee . cmuM st m o A e ——— o I S

PRV - - - - . T rmmmmerer s NN A reme e e # S A s = ¢ S e e s ms e &
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4

H

MOMCRY

34

4h 1

36
37

a7
499

500
249

120

A¥3 = Y4
ACT = PT¥X{Luky ANT)/X(L 0 by AHO)
IF (RJ) 6O Y036

INKT = ¢

ACH =

ACL = A1/2.3

CALL SNLNEW (SINLET, ACH, ACL, T4P, Yi)
IF (LNOT. TRAY) GO TN 460

HAITE (R i4)

FORMAT (2MHOBINLET - TRAP= TWF)

GO TO 2?4k

ACHAX =47

ACL = [.75*ACT

IF (ACL .6T. ACMAX) ACi = 0.75%ACMAX
INKT = §

CALL SCLNEW(AINLET, ACMAYX, ACL, TRMP,; Y1)
IF (.NOT, TRAP) 4O TO 17

HRITE (6,75)

FOIMAT (134 TRAP IS TRUE)

GO TN 249

IF (TMKT 6T 42 GC YO 37

IF  AM30CK LGE. AM3) GO T0 37

&CHIGH = ACMAX

GO TO 498

PT3 = PTY

I3 = 72(GAM2, 44%)
PTY=PT2#(23/74~0,5*COB*GAMZF A3 *% 2/ {T7L¥PA(5AM2;A%3}) )
25 = PT4L/OPR{GAML,1.0)

IF {NCTe RJ) ACT = AC

IF (PS5 LT, PR} 50 10 497

CALL CYCLE (AT

GO T3 2640 _ - . e

ACHIGH = ACT

CALL SOLNTHW (CYCL®, ACLOW, AJHIGY, TRAP, YNEW)

IF (JLNTT. TRAP) GO TO 240

YRITE (6,500)

FO2MAT { 140, 5X, 11HTRAP = TRUE)

23 = 7(1.49, a‘l‘l}) -
Rt PYQ*AC*ZN

21 TELsb,yAHL)
Fi RTO*AL5Z
T-RYUST = FS8 ~ FJ - PO¥{A5=i()
THRYSTM = F§ - F1 ~PI*(45-41)
FISP = THRUST/HWF

FISPN = THRUSTN/HNF

SFC = 3R0D,8/FISP

SFCN = 26N00,0/FTSPN

TN = 0,5%1, 4%PO%ATCANG Y *?
JF = THRUST/DEN
JCEN = THRUSTNSGSN

WRITE (6,200) (TITLE(Y); 1=1,12), ALT, AG, THRUST, SF, FISP,

2 SFG, FAR, &40, THKUSTN, TFY; FTSPH, SFON

FOPMAT (1HO0/1H012A6, 15K, WHALT=,F10,1/71H 3X,2HAD,12X;5HTHRUST,
3HANY/
2 1H 3T35,4,FF15.4,F16,2/ L4 ADDITIVE DRAG,2E1R.4,3F15.4)

1 11X, 2HCF, 13X, 3IHISP, 12X; THSFC, iu4X; 3IWFAR, {2¥,

k9

CDC 6500 FTN ¥3.,0-251& OPT=1 07/15/71
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- FUN = HCYCLE (0.00 - -
705  GONTINUE

50 10 1 - T
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10N CYCLE ’ ‘ COC 6500 FTN V3I.3~251A GPT=1 07/15/71

FUNCTION CYCLE (ROOT)
LOGICAL RJ, NSOL, NUMPLOS, FTAF?, ETAFE
COMMON /CYCL/ A5, F5, RJy TT4, GAML, WTM4, TTO0, ETAC
COMMON /RBUMA/ AM3, CDB, YuP
CNMMON JAINLT/ A1, AC, AE, ASTAR, AMO, AM1, AM3CKX, OUMPLOS,
1 ETAMIX, ETAF2, ETAFE, FARy GAMT, INKT, PQ, PTQ, TO, TTF
COMMAN/NUMZ A2, A3, ANT,AM2,F2,GAM2,PT3,TT2,HA,HF,42P,CPR,ND
1., Ac =wRQOT
X1 AC*X (1.4, AMO) /AL
AML = XM{X1y 1.4)
PL = PTO/PR(1.4,yAM1)
. WA = PCTAGRAMO*SQRT((1.4%32,2%28,.9h6)/7(1545,264%T0))
FAL = PTO*AL1*7Z(1.4, A&M1)
WE = WAsFAR
IF (.NOY. RJ) GO TO 5
AM2 = AMR
F2 =z FAL
GO TO 5?2
5 XSTAR = X (GAMT, 1.0}
PTP = (WF¥SORT{(TTF*1545,264)7(32.2%44,0))) /7{ASTAR®XSTAR)
PTH = FTO/PR(GAMT, 1.0)
IF(PTH.LT.PL) GO TO 10
XS = XSTARXASTAR/AS
AME = SMX (XF, GAMT)
F€ = DTPRARYZ(GAMT, AMR)
60 TS 15 .
10 AME=NF/ (PL¥AF¥SORT(GAMT¥ 32, 2% LL./ (1545.254¥T1F)))
T = PL*AE*(1,04GANMT#IA\ME*R2))
PTP = P1¥OQ(GAMT, AME)
15 F7 = FAL + FE
IF(ETAFP) F2= ETAMIX*F2
TF (ETAFS), F2 = FAL ¢ ETAMIX®EE. .. .
Y2 = ((HA + HF) *SORT(TT2¥1545.264/(32.2%ANT) ) }/F2
50 AM2 = YM(Y2, GAM2)

g TR
S OGS Oa A A Ly NSy

T e
N

T Ry
gy .

3 52 77 = Z(GAM2,AM2)

: X2 = X (GAM2, AM2)

i IF (RJ) GO TO 56

. IF (DUMPLOS) GU T~ 57
‘ 56 X2 = X2%L2/A7

: OT3 = ((WAHF)¥SART(TT2%1545,264/7 (32,2%AHT)}) /{A3*X3)
- IF(RY) PTI=(HA*SARTITT2*L645.2647 (32.2%AHT) ) ) Z7(A3*X3Y
; G0 TO =8
57 CALL DUMP (22, X3)
5C AM3Z = X4 (XTy GAMZ)

Y3 = ¥ (GAMZ, AM3I)
] 23 = 7 (GAM2, AMT)
] D2 = PT3/PR(GAM2,AM3)

OTATM = P3/(144,0%14.695)
70 Y4 =Y3I*SART(ANT*TTLH/(RTML¥TT ) )
Yh = YL*(L1.0 + GAMR2¥AM3®¥*2)/(1,0+GAMZ¥AMT¥*2%(1,0~0,.5%C0%))
IF (RJ) Y& = Yu*(1,0+FAR)
AM4 = YM(YY4, GAMG)
X4 = X(GAMY4, AMY)
XS = XL*QT/A5
M5 = ¥M{XS, GAM4)

i

IO
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ION™  cYCLE o "7 CDC 6500 FTN V3, 0-251A 0PTs1 07715771

T4 T2 7(GAMY, ANMG) O e TEmem o omrmrmr T -
PT4 = PT3%(23/74 = G.5*¥COBPGAM2¥AMI*¥2/ (Z4¥PR(GAMR,AM3) 1)
VG = P14/ PR(GAMG, ANG)
' . %5 = 7UGAM4, AM5S) e . e e -
FS = v 4rp5*7S
ey~ ¢ 4.0=-PSsP0_ ) i L
G0 Tu 3060
ENTRY WOYCLE e
PY2R = FP/(R2%22%2116.,22h)
< e __ P2 = PT2A/PR(GAM2,AM2) i
3 Py = PT3I712116.224%PR(5AMG,AM4))
. e o ___POATHM = P0/2116,224 _
PSETM = P5/2{16,224
PTOA = PTD/2116,224
P1L = P1/2116,224
. _ __PT34 = PT3/2116,.224 e -
F - BT4A = PTLs2116.226
3 o “,_;g (R)) 60 To 200
1 PTPA = PTP/2116.2264
2 PEA = PTPA/PR(GAMT,AME)
3 200 WRITE (6,2507 AMO, AMi, AM2, AM3, AMG, AHG, \ME, GAM2y GAM&,
3 _1_GAMT, AC, A%, A2, A3, A5, AE, POATM, Pi, Pz, ©3ATM, P4, PSATM,
T2 PEA, PTNA, PYZA, PT3A, PT4A, PTPA, TT0, Ti2, TTh, FAi, F2, F5,
3 FE, AHT, WTM4 L o
250 FORMAT(BHOSTATION, 9X, 1H0, 16X, 1H1, 15X, 1HZ, 15X, 1H3, 15X,
_.1_ 1H4, 15X, 1H5, 15X, LHE/ 5H MACH, F15.4, BF16.4/ 4H GAM, 32X,
2 F1Beby 16X, Fibelby 16Xy F1R.4/ GH AREA, 2Xy 4EL1B.hy 16X,
3 2E16.4/ SH PRESG, 2X, 7E16.47/ SH TOTP, 2X, E16.4, 15X, 3E16.4,
4 16X, F16.647 SF TOTT, 2X, £16.3, 16X, E15.%, 16X, E16.4,
L _5_/ 74 STOEAM, 16X, 2F16.4y 32X, F16.4, _ _ Fib6.4/ TH MOL MWT,
5" 38X, F7.3, 28%X, F7.3)
WRITF (6,252) CYCLE, PO, P5, WA, WF

TTTTT252  FORMAT (7H CYGLE=, E13.69 5Xy; 3HPO=, E13.6, GX, 3HPGS, E43.64 53Xy
~ 1 3HWA=, Fif.4, 5X, 3HWF=, €11,4) o
30 RETURN
4 ENN —_ S L. R
1 . . U . ol
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FUNCTION AINLET (A}
LGGICAL _DUMPLOS, ETAF2, ETAFE,ACLOG e

- r——

- ———— . o—— 50

COMMON/TIUMZ A2, A3, AHT,AM2,F2,GAM2,PT3,TT2,HA, HF,A2P, CPRyND
COMMON /BUMA/ AM3, COBe YU4P . | L o o e et e e
COMMON /AINLT’ A1, AC, AE, ASTAR, AMO, AM1i, AM3CK, DUMPLOS,
1 ETAMIX, ETAF2, ETAFE, FAR, GANI, INKT, P8, P70, Y0, TTF

ACLOG = (FALSE.
G0 _T0 4

ENTRY BINLET
ACLOG = ,TRUE,
AC=A
ANKT_= INKY + 4
X1 = AC*X(1.4,AH0) /AL
GAMLZ XH(X1,1.4)

PL = PTO/PR(1,4,AM1)

. WA = PO*AC*AMO*SQRT((1.4%32.2%28,966)./€1545,264%T70))

FAL = PTOYAL®Z(1,4,AM1)
WF = WAFAR R
XSTAR = X(GAMT, 1.0)
PTP = (WF*SQRT((TTF*1545.264)/(32,2%4k4,0))) /(ASTAR*XSTAR)

s JE_(PTH,LT.P1)_GO_T0O 3

Han

PTH PTP/PR(GANMT, 1.0)

XE = XSTAR*ASTAR/AE

AME =_SMXUXE,GAMY). | ___ . _ L ol . o . -
FE = PTPAE®Z(GAMT, AME)

GO 10 &

- IF(ETAFZ) F2z ETAMIX*F2

r—_— e o -

. YCK = Y(GAM2, ..0)__

AME=HF/ (P1¥AE*SART (GAMT*32,2%44,/(1545.264%TTF)))
FE = PI¥AE® (1, 0+GAMT* (AME®*2))
F2 = FAL + FE

IF (ETAFC) F2 = FAL + ETAMIX*FE

IF («NOT. ACLOG) GO TO 10

AINLET = (1.0 -Y2/YCK) = T T T oo
_IF ((AINLET oGE. 0.0) »AND. (INKT .EQe 1)) AINLET=0.0
ATNLET = AINLET*1,0F3

60_TO 500

5
6

- 22

__IF (NUMPLOS) GO _TO0 5

AMZ = YM(Y2,GAM2)
_Z(GAM2, AM2)__
X(GAMZ, AM2)

X2
X2 = X2%A2/A3
PT2 = ((WA+WF)¥SQRT(TT2*1545,264/ (32, 2%ANT) )) 7 (A3*X3)

GO T0 6
.CALL DUMP_(Z2, X3) _ .
AMICK = XM(X3, GAM?)
_AINLET = (AMI ~ AM3CK)/AM3 ___ . _ . .
IF ((AINLET .GE. 0.0) .AND. (INKT (EQ. 1)) ATNLET=0.0
AINLET = AINLET*1,0E?2

560

. _END

RETURN

£ e
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cortTrr o mTmTmTm T T CnC 6600 FTN V3,0-251A 0PT=1 07/15/71 @

ITINE ~ puMp -

SUBROUTINE DUMP (Z2, X3)

__C _COMPUTES_DNIFFUSER_AND OUMP 10SSES )
COMMON/DUN/ AZ,AZ, AHT,AM2,F2,GAM2 ,PT3,TT2,HA NFs A2Py CPR,DHD

_PT2 = _F2/(A2*Z2) )

P2 = PT2/PR(GAMZ,AMN2)
P? =_(D,5*CPR¥GANZ® (AM2¥%2) +_1,0) %P2
AONE = (GAM2-1.0)/2.0
CONE_= = (((HA+NF)**%2)%1545,26L*TT2) /((P3**¥2) % (A2P*¥2) ¥ (GAMR%32,2

I e

. .= _SORT (104, “E*CONE)
AM3P = (~1.04Q) 7(z. AONE)
TF((AMIPLLEe0c) ¢ ORe (AM3P GE,1,)) AMIP = (=1,0=Q) 7(2,0%AONE)
AM3P = SQRT(AM3P)

_PT3 = PI¥OR(GAM2,AM3P)
PT3 = PTY3¥EXP(=0,5%DND*GAHM2¥ AMIPS ¥2)
X? = (WA+WF) *SQRT(1545,264%TT2/ (32, 2%ANT} )/ (PT3#A3)
RETURN
END

et e a S S, - - - - -

. ve e - [ o et - T —————— —————— . —— ————t e m—— - e - - ————
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[ON  BuMAS

FUNGTION BUNMAT(A)
_COMMON /B'MA/_ AM3, CNB, Y4P
COMMON/DUM, A24A3yANT,AM2,F2,GAMP 4P T3, T 12, NA, WF 4 A2P,CPRyND
CAM3 = A
SO = A¥¥2
s e e BUMAGC = YLP*(1,0+GAMR®SQ*(1.0~CDB/2,0))/{SQRT (1, 0+ (GAH2=1.0)/2,0 .
1 *sSQ)) - A
BUMAG = PUMAG*1,052
RFTURN

2 3 .. .END_ e . 3
{ — i
2 B —— - - e ae et e e e
- o e m = e e e e = e e o e e mrm amn e or
E
&
]
1
!
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: &
UTINE PRIPAN E0C 6500 FTN V3.0-251A OP7=1 07/15/71
SURROUTINE PROPAN (T, CP, 4F)
A= -0,966 e e e s e e
3 = 7,7279E-2
, 6 = =3.,755E=5
5 0 = 7.58E-9
gp = [ + BT & CA(T#¥2) + D¥(T**3)
TC = 360.0
HCON = A®TC + 0,5%B¥{TC*¥*2) * GeLTC**) /3.0 ¢ 0y 25%0% (TC¥*4)
HE = A®T + 0,5%0%(T**2) + CeLT*¥3) /2,0 + 0,25%0%(T**#4) - “CON
RETURN :
END i

X
Ao

e
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COC 6600 FIN V3.0~2514 OPT=1 07715771

SURROUTINE AIRTHR (T, CP, HA)
- A= 6,386 ... e e e e .
8 = 1,762%~-3
— — C = =2,656E-7 . ... . —- - -
CP = & + RA¥T + (¥ (T¥¥2)
— IC = 390,08 ——
HCON = A¥TC + 0,.5%B¥(TC*%2) + C*(TC**3)/3.0
e emme HA = A¥T & 0,5%¥BE(VS¥2) 4+ C¥(T**3)/3.0 - -AI0N
RETURN
e e SENQL . e v o o e
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"COC 6500 FTN V3,3~251A OPT=1 07/15/71

JTINE. ATMOS

SUBROUTINE ATMOS(Z,TM,STGMA, THO, THETA,DELTA,CA,AMU,K) ATMOSO L
e e ATMOS0"2
¢ CALLING SENGENCE ATHMOS003
e L ATMOSO0 "G
c CALL ATHOS(Z,TM,SIGNA,RHO,THTTA,DELTA,CA,AMU, K) ATMOSO"S
i i o . ATMOS00&
c 7 = GEOMETR.C ALTITUDE (FT) ATMOS07
__C____TM___ = MOLECULAR_SCALE TEMPERATURE (QEGREZS RANKIN) ____ _  _ _ ATMOSO"8
e -G RHO_ = DENSITY 18-SEC*N¥2-FT*¥ (-4} OR_SLUGS=FT**3 Lo ATMOSD1D
c THETA = RATIO OF TEMPERATURE TO THAT AT SEA LEVEL ATHOSO11
__C_. _DOFLTA_= RATIO OF PRESSURE TO THAT AT SEA LEVEL _ _ _  _ _ __ _ ATK0SO012
c CA = SPEED OF SOUND (FT/SZC) ATMOS013
c AMy = VISCOSITY COEFFICIENT (LA-SEC=FT*¥2) ATMOSO1G
ATMOSO1S
c K = 1 NORMAL, _ _ o o o ) ATM05016
c = 2 ALYITUDE GREATER THAN 300039. FT., ATMOSO017
c = 2 ALTITUDE MNEGATIVE, = ___ . L ATHOSO ! 8
ATMOSO:9
5 L o ___ _ATMOS..g0
DIMENSION HPRIMB(11),TMA(11) ySTGMAB(11),ALM(11)  ARAY (11 ,44) ATMOSD 2
_ ENUTVALENCE. (ARAY (1,1, ,HPRIHS (1)), (ARAY (1,2}, THB(1)), ) ATMOS0 "2
* (ARAY (1,3), SIGMAT (1)), (ARAY (1,4) 4 ALM(1)) ATMOSO 23
) - ) ) ) o ATMOSO?ZY
DATA ((ARAY(I,J),J=1,4),I=1,11)/ ATHOS" S
. X . 2 518,688 , _ 1.00000305 00 , =-0,00356615 o ATMOSO 6
X 36089,237 , 389.98% ,  2.97069585~01 , 9, y ATHOSO°7
X 12020,997 , 389,988 ,  3,26657515-02 , 0.00154592 , ATMGS078
% 154199, 480 , 508,788 5  1,21178702-03 , 0. , ATYOSn:g
X 173884.510_, _ 508,788 , _ 5.86773115-04_, _ ~0.00246888 , ATHMOSC 0
X 259186,350 , 298.188 ,  1,7329156z-05 , 0. , ATHO30:4
e m 2% 295275.590_,_ __ 298,188 , _ 1.7928595I-06 , ___0.00219456 , ATMOS022
y T6uu88,130 406,138 ,  9,39215132-08 , 0.04097280 , ATMOSO 3
X 524974,380 , _2386.,1%8 ,  7.7658593I-10_, _ 0.00548643 , ATMOSOZ4
X SE7742.785 5, 25664188 ,  5.6324877E-10 , 0,00274320 , ATMOSO
X 656167, B0 _, _ 2836.188 , _2.5726771I-10 , 0.001 202% / ATHMOS076
DATA N/ 0.01874.176 / RE / 2,1855531F 07 7y ATHMOSO™8
X S 7 198.72 /3 P2 _/ _2116.3_ /5 ATMOSO 9
X AMU7 7 3,737299RE-07 7 RHOZ /7 040023769 7y ATMOS040
X TMZ . /. 518.688 7 ATHOSO%1
K=1
L IF(2)2€418,17 R L .
2% K=3
60 T0 43 N _

17 IF(Z.67,200000,) K=X+1
16 HPRIM=(RE/(RE+2))*Z
g 20 410 M=i,11
IF(HPRIM~HPRIMB (M)} 11,12,10

10 CONTINUE

T - ¥
MzM-1

12 IF(ALM(M) ) 14,145,146 . .

16 THTMR(M) $ALMIM) * (HPRIM=-HPIIUB (M)}
SIGHMA=FXP ((1,0¢ (N/ALMIH)) ) *(ALOG(TMR (M) /TY) ) ) *SIGMAR (M)
610 TO 20
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- CDC 6600 FTN v3.0-2514 0PT=1 07/15/71
{67 THETRE (W) T . T
e W_c_n =STGMAB (M) SEXP (~(Q® (HPRIM=HPRIMA (M) )/ THB (M) )
20 TRHO=RINOZ*SIGMA
CTHETA=TM/YNZ . — - . .
DELTA-STGMA¥ THETA
CA=49,02177*SORT(TM) ) ) _ L
ARUSAMUZ*SQRY (THETA#*3) » ((TMZ+S) /({TM+SY) 7~ ATMOSOGY
13 RITURN o L ____ATHO0SD0AS
END - TotTrTmeTT ATHOS0uL6

A 3
f g - —— - - - e e m e = e m. —— o+ - - -
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10N ATKN ) TUTTEDG &390 FTN V3.0-85LA 0PT=1  G7/15/72
FUNCTION ATKN(X,Y,N,k,XT) J S £ 4 1 [ !
L e . ATKNOOD2
C ATKH RITKEN INTERPUL 4.ING FUNRTION ATKNOUI3
c o ) ATNNDO 14 n
c USAGE. .. ATKNO015 %
c L N R i ATKNGON® .
c Z=ATKN (X, YyNy Ky XT) ATKNGO 7 :
-...-c. - - e e . A B R T e e LT e g - - - ATKNOO'}B
c L B ) ATKNOCS D :
c X - TABLE OF INDEPENDENT VARTABLZ VALUES, ATK#0021 s
c (**1v BE AS“ENDING OR OSSCOUNDINGY. ~ _ _ _ ATKNO312
c Y - TABLE OF DEPENCENT VARTABLE VALUFS, ATKNOD?!3
[ N_~ NO. OF POINTS IN Tf5LES X AND Y, o ATKNOO1®%
c K = DEGRFE OF INTERPOLATIGN DESIRED. ATKNOO1S |
c XI- X~VALUF FOR _WHICH_ INTSRPC_ATION IS JESIREN. o ATKNO016 :
c ATKNOGL?7 :
. C_ __ __THF IMSEPOLATED VaLUE IS RETUINED AS T4Z FUNCTION VALUS. ATKNOO18
¢ - - TToTTTm o o T ATKNOO3Y
___c 31 CELLS GF HBLANK COMMON ARE USED. . ___ATKNOO 0
c ) ATKNOD 1
_ ____DIMENSION _ X(W)y YN) o ATKNOO: 2
COMMON i1, ki, LI, 1L, LU ’ ATKNOO?3
i COMMON _ XX(13), ¥Y(3) B ATKNOO &
DATA  KMAX/ 12/ ATKNDO"5
c ATXNDD? 6
IF { K «GT. KHAX .OR. K +LEe 0 ) GO 70 360 ATKNOO27
c_. o o o o ATYNCD 2
Ki=K+1 ’ ATKNO0Z9
~ _ IF (X{N)=X{1)) 100,19,40 o ATKNDO 0
10 IF (xT-X(1)) 206,20,30 - o ATKNON 1
?0 LL=0 ATKNGO 2
GO YC 200 TATRNODT3
. 30 _IF (X(N)-XI) 40,40,53 o o o ATKNOG 4
40 LL=N-X] ATKNOD ™S
60 ro 200 ATKNOC?SE
50 LL- ATKNDD?7
. w_Ly_y ATKNGD 8
A0 IF (LU-LL-1) <80,180,70 HT\NOD 9
70 LY=(LL+LU) /2 o o ) o ATKNOD +0
IF {X(LI)-XI) 80,80,90 ATKNODGY
80 LL=cT _ L o ATXNOO"2
n0 TO &9 ATKNGD:3
e 30 _LUSLI ATKNDO!s &
S0 TO &G ATKNOOS
103 TF (XI-X(i)) 120,20,29 o o o ATKNGOLE
120 IF (X{N)=XI) 130,%40,40 ATKNOO"7
139 Li=1 ‘ B B - ) ATKIND 8
LU= ATKNOOG9
140 TF (LU-LL-1) 187,1%0,150 o . ATKNDOSD
150 LT=(CL+LY. /2 ATXNGOSt
TF (Y(LT)-XI) 169,173,170 L B ATKNBOS2
150 LL=L] ATKNOOS3
0 .0 140 ATKNGD o
177 LL=L? ATKNODSS

70
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ToN

ATKN

GO TH 140

180 LL=LL=-(K1+1)/2

IF (LL) 20,709,193
190 IF (LL+K1-N) 200,200,490
270 70 210 T=1,K1i

T1=LL+]

XX (I)=X(I1)~XT
210 YY(I)=Y(14)

a0 220 T=1.K

W 229 JaT,v

226 YY(JHL) = {1/ (XX ) =XX (D)) FEYYLT) #XX (1) =YY (U 1) $XX(ID)

ATKNZYY (K1)
RETYIN

7CY  CERINT 1009, K

1030 ZORMAT (THOK=,I12,77H IS INGCOR?FCT FQR TINCTION ATKN)

CALL SYSTEM(218.0)
NN

N

CDC #6N0 FTid V3,0-251A OPT=1

07715.,/71

ATKNOOSE
ATXNOQS?
ATKNODSS
ATKNGBO59
ATKMO0050
ATKNOO- 1t
ATKNDODS2
ATXNODAR
ATK0O7 &
ATXNDD RS
ATKNOG 6
ATKNGBOS7?
ATKNEDSE
ATKNGD 9
ATKNQOO 70
ATKNQD "1
ATKNED 2
ATKNGO73
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JTINE  SOLNTH

CNC K500 FTN V3,0-251A OPT=1 07/15/71
SUBROUTINE SOLNEW(FX, ALOW, HI, TRAP, Y) soL 1
.G __SOLVES THF FUNCTION FX FOR THE VALUZ OF THE INDEPENDENT_ VARIABLE X _ *OL__ 2
C WHTICH MAKFS THE VALUS OF FX SQUAL TO ZERG. THE VALUE OF X MUST LIE SOoL 3
C IN THE INTEXVAL BOUNDED BY ALOW AND HY. IF ANY FATAL NIFFICULTY IS  SOL__ _&
C INUOUNTERED IN THE SOLUTION THE LOGICAL VARYIA3LE TRAP IS SET EQUAL soL 5
¢ TG Toue, e ) . . .. .SuL 86
EXTERNAL FX soL 7
e e . LOGICAL TRAP, FIRST - — e et e e e e e e S
ODIMENSION F(4), X(4) soL 9
TRAP = ,FALSE, . . L. soL 10
FIRST = ,TRUE, 4
e . TOL = 1.08~K - — e i
H = I saL 12 H
e = SMAL = ALQH S e e e e e SOL 13 H
IF (LOW LY, HI) GO T0 17 SoL 14 ¢
H. = ALOW _ e e e e e . _SOL_ 15 §
SMAL = HI SOL 16 i
17 X(1) = AOW = ] . soL 17 §
FC1) = FXUX{1)) SOL 18 i
. Y = X(1: . SOL__19 i
IFf (ABS(F(1)) .LT, TOL) GO TO 83 soL 20 i
X3y =W . so.  °t i
F(3) = FX{X(3)) soL 22 ;
Y = X(zy . _ I i L soL 23 :
IF (ABS{F(3);.LT. TOL) GO TO 83 SOL 74 '
- e e A E SIGNCF (1) o L3N - — SgL__ 26 !
IF ((F(1)+2) .EQ. 0.0) GO TO 32 soL 26
.. . WRITF (6,28) . _ .. . _ . e .. SoL_ o7 .
28 FORMAT (60H THE FUNCTIONS FOR THE END POINTS NO NOT HAVE OPPCSITE
1SIGNS) . - o o
TRAP = T UE. soL 30
—— e 09.T0 B3 F U 1| N
3? X(2) = X(2) « FL1)%(X(3) - X(1))/(F(3)- F(1)) soL 2
FL2) = FXIxt2y) _ . soL 3
Y = X(2) soL I
IF (A3S(F(2)) .LT._YOL) GO 10 8% ) . SoL 3§
00 69 JX=1,9 SOl 6
SRR 12 V. & 06 8 S SRR 1+ | MU ¥ 4
X1X2 = X(1) - X{(2) SoL 38
X1X3 = X(1) - X(3) saL 39
X2X1SN = X{2)*%2 -~ X{1)*#2 soL 60
A = XI¥3*(F(2)=F(1)) = XIX2*(F(3) -F(1}))  _ SOL 1
6 = B/(X1X3*XZX15Q - X1X2#¢(X(3)*¥*2 - £15Q)) SoL 2
- 3.z (A*X2X1SN = F(2) & Fuui)/X4X2 . . . e e . SOL___ 43
S o= F(I) - A%(X(3)*%2) - 0¥ (3) SoL a4
7 = SART(3%%2 ~ 4,0%A%C) 3 SOL 45
X(4) = (=840)/(2.3%A) SOL 46
TECUX{6) e GTLH) L ORe (X (L) JLT,SHAL)) X (k)=(=3-2)/(2,0%A) SOL &7
Y o= X(W) SOL -8
. IF (JX .EN._9)_GO_TG 70 . . . . ... .s0L_ 49
FU4) = FX(X{#)) SOL S50
IF (ABS(F(4)) ,LT. TOL) GO TO A% soL st
10 &2 1=21,3 SuL 32
11 = [+1 soL =1
N0 62  J7If,4 SOL 34
72
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UTINE  SOLNFU £0C 6300 #TN v3,2-251A OPT=1 07/15/71
IF (Fl.s +LE. FLH)) GO TN 57 SoL 35
o Fe = F(D) . B SoL "6
XS = X(I) soL -7
F(I) = Ft) SoL 58
X(1) = XtJ) soL 39
F(J)y = FS 9L a0
: X(J) = XS SoL 51
: 62 CONTINUE Sot. &2
¢ IF (J,NCT, FIRSTY G0 70 63
H IF ((F(1) + F(2)) .LE, FC1)) GG TO 190
; XN = (2,neX{2) + X(1))/3.0
‘ FN = FY {XN)
IF ((F(1) + FN) L%, F(1)) 50 TO 110
F(?) = FH
X(?2) = X4’
. GO TO €3
N 100 IF ((F() + F(4)) .GE, F(L)Y GN TO B
‘ XN = (X{(4) + 2,0%X(3))/3,9
: FN = FYX (XM}
. IF ((F{4) + FN) JGE. Fta)) 50 T2 115
£(3) = FN
X(3) = XN
G0 T9 A3
110  F(1) = FN
21y = XN
50 TN £2
115 F(4) = FN -
X(4) = XN
62 CIRST = JFALSS.
IF (A2 {F(1)) .GT. ASS{F(4W))) GO TO A8 soL 3
IF ((F(3)+F(W)) LGF, F(4)) 30 Tn 49 SOL &4
65 F(1) = F(4) 3L 5
X(1) = X{4) ) SOL 6
30 TO A9 SIL 57
63 IF ({SC1IF(2)Y (LE. FL1)) 50 T /5 soL 8
69 NONTINUE soL 9
74 " 82 1=1,5 St 79
£Y = €Y (Y) soL 't
IF (ane(fFY) ,Li. TOL) 6O T1 2% soL 2
XLIT = Y + @.91%73L*Y oL '3
FLIT = FY(XLIT) SOL  w
XD = Y - XLIV SoL 7S
£n =z FYe FLIT SoL '6
212 = Fo/7xn soL ‘7
IF {DIF JNE, 2,2} 69 T9 81 SoL e
ToRo = ,TAUF, SIL 7’8
G0 YO RY SoL 30
81 Y = ¥ - £Y/012 s0L 3t
82 CONTIHUF soL  8°
WRITE (A,85)
8s FODMAT (2LM SOLNTH AIF NGT SINVE26F
ToAD = ‘TDUC.
83 2T TyYoN soL 13
T30 L TR YA
73
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FUNCTION
DETSPHINES X

51 = 6

X = A¥®SO2T(

RETURN
£ND

o1

e

COC 6690 FTN V7,0-251A OPT=1

X4G, A)

AS. A FUNCTION OF MAGH NUMBER. 5=GAMMA, A=MACH NG,

G/((1,040.,5%G1*(A**2))** ((G+1,0) /G4 )

v

74

07/15/71
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oy Y oo Tt " T cnC 6500 FTN V3.J-251A OPT=1
FUNCTION Y(G, A) i
. _C DEYSAMINES Y AS A FUNCTION OF MACH NUMRER, G=GAMMA, A=MACH NO,
i L - HUMPER., G=GAMMA, A=MACH NO.
Y = (A7(1.0+6%3Q)) *SART(G* (1,046.5%(6-1.0) *SQH)
RETURN
END
g
4
-3
:
¥
75
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oN' T T T ’ CNC 6630 FTN V3.i=231A OPT=1 07/15/7

FUNCTION Z(G, A)
G _DETERMINES 7 AS A FUNCTION OF MACH NUMBER. G=GAMMA, A=MACH NC.
S() = AU¥9
61 = 6 = 1,0
2 = (1,0+6%SQ)/((1.0+0.5%51%80)%%(5/61))
RE TURN
END

NINNSNNNN




e el
S b E T -

— e g — o = e e e TSR LR AT
e \-...:’/,4%,&;&551‘%%”5 i S WP RSN IR T S I LKy ST 2 SR Y B o

——t gy T,

~ JTINF

" SUBROUTINE FUELDAT (TD, FAR, DT, WTHM4, GAMGT ~
__DIMENSION TEMS(12), FARS(18), 21(18,12), 22(48,12), 23(18,12)

AFAPL-TR-72-7

6771577

" CDC 6600 FTN VX,d~-251A OPT=1

T REAG (6,23 NFEAR, NT
2 FORMAT (2It0) _ . _
: READ (5,5) (FARS(I), I=1,NFAR)
A _ TEAD (5,5)_  (TEMS(I), I=1,NT) . i
X 5 FARMAT (10X, BE10,10)
. — 00 10 _K=1,NT __ e e et e e -
; 10 R0 (%,5) (Zi(I,K° ~1=1,NFAR)
% _ 0 20 K= NT
: 20 READ (5,5) (Z2(I,K), I=1,NFAR)
4 B0 30 K=ANT
. 30 READ (5,5) (ZI(TI,K), I=1,NFAR)
: - ETURN e e =
> ENTRY FUELINT
_0Y = BUYIN(FAR, T0, FARS, NFRP, TEMS, NT, Z8)
WTM4 = BUYIN(FAR, 10, FARS, NFAR, TEMS, KT, Z2)
_ .. . GAML = BUYIN(FAR, TO, FARS, NFAR, TEMS, NT, 23
RETURN )
. END s e —
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LN QUYIN T COC 650N FTN V3.2-251A OPT=1 O07/15/7:
FUNCTION RUYIN (XI, YI, X, NX, Y, NY, 2)
DTHENSION X{18), Y(12), Z(18,12), V(18), i(12)
00 6 TI=1,N¥
90 5 J=1,NX
5 V() = 7(J,T)
6 HUI) = ATKN (X, V, NXy 1, XD
JUYTN = ATKN (Y, U, NY, 1, YT)
IC TURN
ZND
#
3
1
i
i
1
i
{
i
H
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I L

END x4 27

ToN XM COC 6500 FYN V3.0-251A GPT=1 07/15/71
) T FUNGTTON XM(X,G6y  ~— ~— — T oo T e S < A | |
C__DETERMINES SUBSONIC MACH NUMBER AS A FUMCTION OF X. G=GAMMA XM 2 i
TOU = X*{.0F-8 i
GL = G-1.0 ) R ) M b s
XM = 0.0 %H s z
FL = -X o ) ) ) M 6
IFC(ABS(F1) .LE. TOL) GO TO 26 M 7
% SR 1, A Y1 — e e R s S
3 F¥ 2 SORT(G/((1.0+40.5%G1Y**((G+1, 00 /C1 ) = X o XM 9
< s ) i IF(ABS(F3) LT, TOL) GO 'O 26 o D L B
E ¢ SI = SIGN(F1, F3)
% IF /(F1 ¢ SI) LEQ. 0.0) GO T2 13 )
b o PRINT 100, F3
b & __ ._100  FORMAl (30H SAME SIGN FOR X FUNCTIO! - F=, £13,5) _ _ e
& ’ YN Er.0 T T ’ '_' T T T T
» 50 To 26 - o © e et .o —
e 13 M =-F1/(F = F1) XM 15
E ¢ F? = XM®SORTIG/((1.040.5%G1% (XM¥¥2) )% % ((6+1,0)/G613)) - X X4 12
B A = ((F3=-FL)®XM = F2 + FL)/{XM*(1.0=-XM))
e B e 3 S FX - F1 - A . JXM s
: TTTTTETRL A LR L
3 __ _ RT = SORT(B*%2 - 4,0%A%C) _ o XM 1B
E 5 XM = (=B+RT) /7 (2.,0%A) X4 17
E o i TFC(XMeGT . 1.0) 40P, (XM.LT,0,0)) XM=(=B=R7)/(2.6%4} Xm 18
g D0 25 I=1,9
E U - ) §g-a xyv&z ________ ™ oo
& | FS T MR enRT(G /{1, 040, 5*GI*SP ¥ ¥ ((G+1.0V/761))) ~ X TUoRMT 2t
E- E IF(ABS(F) LT, TOL) 50 TO 26 X4 22
S FP = 2,0%(1.0-SN) *(SART(G/({1.0+0.5%G1*SN **((G+1.,0)/GL)))) XM "3
E 1 72,0 + G1*S) o X% 4
3 % 25 XM = XM - F/FP X4 25
E & OPINT S0
e | TR0 T T RORMAT (23H X FUNTOIA NUT RONVERGE) o oo
E § 26 RETURN XH 2?5
v 1
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TON

Y™ ) T T COC 6600 FTN V3,0-2618 0P%=1{ 0F7/15/71

FUNCTION YM(Y,5) =~ ~—— — = ™7 =77~ - B il

T DETERMINES SUBSUNIT MACH NO. AS A FUNCTION OF Y. G=GAMHA ™
TOLU = Y*L,06~8

(1 Mg

|

61 = 6 - 1.0 o ) Y™ 4
YH = 0.0 - T ™ 5
F1 = =Y i ‘L] 6
- TUTTIF (Ads(F1Y LLE. YOO GO YO 27 0 T T— ——— - -~ Y4 7
_ YM = 1.0 Y™ A
T F3 = (SORT(G* {1, 0¢0.5%61)91)7(1.0+G) ~ ¥ - TTTTTTTT oYM ]
_IF (A8S(F3) LY. TOL) GO 73 27 YH 10 :
Y ==F{/{(F3 - fyy ~— T T ToomoemT/ T T o T 11 .
SR = yMex2 L Y™ 12 }
F2 = (YM/(1,0+G®SA))*SART(G* (1. 0+0,.5%G1i¥sq)y - v =~ ) Y '3 =
A = ((F3=-FLY*YM = F2 ¢+ F1)/7(YM3(1,0~-YH)) B
R = F3 - F1 - A Y 15 o
6 = Ft o o ) L] 16 3
QT = SCRT(B*®2 -~ (,"+A%C) T Y4 17 3
. YM = (=B#RTI/(2.0%A, . ™ 18
TUIYMLLTL0.0) JOR. (YH.GT.1.0)) ¥ =(-8-RT) 7(2.0¥%A) Y4 19
e 3 149
: é YM¥¥ 2 Y™ *{
3 £ LYM/(1.0+46%SQ) ) *SART(G* (1. 020.5%G1L*SA) =~ Y Y™ ~2
b IF (ABS(F) .(LT. TOL) GO TO 27 ’ o ’ Y4 23
3 FP = ((1.0-SQ)/(1.040.5%G1%SQ))* (SART(G*(1,0+0,5%G1*SQ)))/ M 24
5 1 ((1.0+6*350)**%2) ¥ 25 )
.. 26 _YM = YM - F/rP e oYM 7B H
BRTINT €0
50 FORMAT (?3H Y _FUN DIO NGT CONVEPGE) )
E 27 RETURN - L ?
3 END ) o o Y4 28
¥
A |
H
E - - — H
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Ty ™ CHC 6500 FTN V3.N-251A OPT=1{ O7/15/71
FUNCTICN ZM(Z,G) T T T . TTTITTCT TIT TR
_____C DETERMINES SUBSONIC MACH NUMBER AS A FUNCTION OF Z. G=GAMMA 7M 2 :
TOL = Z%1.0E-9 Tt s
Gl = G - 1.0 y 47 4
M = 0.0 ™ s
FL = 1.0 - 2 ™ 6
IF(ABS(FLr LT, TOLY GG TO 26 o ™ 7
£ oM =L ;8
4 % TUTFI R TIT66) A(UTL 040,556 1) SR (67610 - 2 R R 1 B
e IF(ASS(F3) .LT. TOL) GO TO 25 ) ) M 10
IM T F1/{F3 - F1) M 11
‘j% sn - ZPI") e 7" 12
3 F2 = (1.3 % G¢SI7{{1.3+0.5%31%SQ)*4(G/61)) =~ 7 ™M 13
& A = ((FX-F1)%2k - £2 + F1)/{2%-57) M 14
4 T RTETIF{IRT T —— e T S
'Z._:_ C = F4 14, ] 16
: ) RT = 3QPT(R**2 - 4,0%A%C) M 17
i - 7M = (=8 + RT)I/Z(2.044) ™M s
E 5-. IF((ZM.GT 1. 0),0R. (ZHoLT.0,0)) ZMZ(=-B-RT) /(2. 0%4) 4 19
: S o025 I=1,10 . M 29
3 g;? SO = THs¥D il - ToTTTmTTTT 24 71
i F o= (1.046%SM /7 ((1,0+0,5%61%SQ)**(6/G1)) - 2 ™M e
u IF (ARS(F) ,LT. TOL) GO TO 25 r4 BN
3 s EP=GYTM® (2.~ (1.46G*S0) /7 (1.4.5%G1%501 1/ ({1, 4. S/G1*SQ)I**(6/61)) A
3 b 25 M = 7R - F/FP b4 TS
: & POINT ©p
] b 50 T EogfMaT (23H 7 FUN DI9 NOT CONVESGE)™ o -
. 26 O TUMN M 25
: ENN M 27
81
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3 [ON sux T T CDC 6600 FTN 0-2518 GPT=1 077%6/T"
E T FUNCTION SHMX(X,6)’ T S4X 1
... C DETFRMINFS SUPERSOMIC MACH NO. AS_A SUNCTION OF X. GGAMMA, MAX MACH=4 SHX 2
1 DIMENSISON FA(T), =2A(3) TTTT TSux 3
3 _TOL = Y*1,06-5 SMX &4
4 51 = 6 = 1,0 S4X 5
3 _XAtt) = 1.0 S¥X 6
3 XA(2Y = 4.0 . o ) SHX 7
4 P01 1=1,3 \ SMX 4
: T EA Y EXA IV A STRY G/ {{L.+.6%G 1% (XALI) ¥ * 271 ¥ €({(G+1 ) 76103 -X ~ SHX G
3 SMX = YA(D) o Sy 9
IF(ARS(FA(T)) LT, TNL) GO TN 32 P
3 IF(I.5Me2) XA(3)=XA(L) -FA(L) *(XA(?)-LA(1))/(FA(2)=FA (1)) SuX 12
3 17 TAONTINYE SMX 13
3 . X1S0 = Xa(1)**?2 SMX_ ‘4
X1X2 = XA(1) - XA(2} T T sMx 15
X1X3 = XA(1) - XA(7) SMX 16
X2X1S7 = YA(2)*%2 - XA(11%%3 T o SHMx 17
A = XIX3P(FA(2) - FA(L)) - X1X2*(FA(3)-FA(1)) SMX 18
A = R/Z(X1X3*X2X1SA = X1X2%(XA(3)*#2 - X1SN)) - S¥X  '9
3= (a*x2v1S7 - FA(2) ¢ FA(1))/X1X2 SHY 20
ST FALT) - A¥(XAT3)¥¥2) - JFxa&(3) T OUTTTTT s T
1= SIPT(RF82 - 4,0%440) ) My 02
TuX = (-9+3)/(2.0%8) - SUx 73
TFLISHYXLT,1.0) .09, (SHX.GT.L N)) SHX=(=3-Q)/(2,0%A)
20 1 1:=1,5 SMY "5
i .. Sa_=_srure2 SuX 6
€ T SUX¥SART(G/((1.0+0,5%C1%5%)1 98 ((6+1.01/7500)1) - X ~~—— 77 ’
IF (a8 () LT, TOUL) 50 TQ 2 SUY 28
EC = 2,0% (1, =505 *(SART(G/ ((1.0+7.5%G1*S1I®*((Gel,G)/61))))/(2.5+ S¥X "9
1 51%S7) SUX  ’n
31 SMY = MY - F/FD SMX
32 _3FTydy SMX T2
TTTTTTTTTTRENST T T T T T T T T TTTTTTIT TSI T T T T T SMx T s
82
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ION i CDC 6500 FTN Vv3,3-2584

FUNCTIUN PR(G,A)
C DETERHINFS THE RATIO OF YOTAL 2RESSYE TO STATIT PRISSURF AT
C FUNCTIIN OF MACH NO, AND GAMMA. 5=GAMMA, A&=NACH NO.

6i = 6-1
Pz (2.0 v D.5%G1%(A%¥2)) %% (5,61}
W TYRN
Eﬂ{l)
83
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AFAPL-TR-72-7 3
[ON TR CDC 6500 FTN V3.)-2513 OPT=1 07/15/7¢ ;
FUNGTION TP(G,A) .
.G _NFIEPMINGS THE RATIO OF TOTAL PIESTYRE TG STATIC PRISSURE AS A ;
€ T FUNCTION GF THACH MO, AND GA44MA.  G=GAMMA, A=HMACH NO.
TR = 1.0 ¢ N,5*(G-1.M¥(A**2)
RCTYIN
£ND
84
sendTRAAT e TR SN s s - §
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CORE WAp 08.56. 317 " NGRREL TTTEoN T
~=~TIME=~=L0AD MODE ~-f g~f2eocn

bl €3 20 T T

TTL IR

"

020546

“To-UNSATISFIED EXTERNALS=vn--

<~ ———_REFEJENCES _

T e e e e
TS e e et o —— o - —

: - MODE ~-L TYf USER==ct4=aulhiL -~vumman
FHA LGAGER ~ 040766 FWA TRWLES 035733
i e SPROGRAM- =~~~ ADDRESS- =-LASELED=~-COKMON-~
HONCR Y 060152 CYCL 000100
e e ._..Buma 900110 -
ATNLT 000413
e .DUN ——. 000135
CYCLE 003511 - CYCL 00G109
e BUMA 000410
ATPLT 400113
3 B R _._.bum 000135
AINLET 004355 ouN 000135
- - e memee ... _BUMA 000110 .
ATNLT 000113
_.uwe 004673 UM 000135
8umac 005075 BOMA 00010
. . o _ouM 000135
PROCAN 005036
ATRTHR 005124 . ——— . _ .
ATHNS 005171
smee oL ATRN 005363
i SoLNEW 005618
X L8 o —— n
Y 206310
z 006334 e _ e '
FUELDAT 006350 '
. . . BUYIN -......010010
XM 010is7
Y™ 010374 o e . L
™ 019579
SMY _. 010756 e e _
TR 011213 - T
. . PR _. ——011231 !
GETPA 011553
S1o< B 3 ————
SYSTEMS 012646 "“
IFENOFS  513s31 e e oL
INPUTCS 013719
- N...I'!'?Q"ii_.._,__!Ji““?ﬁ_
KODERE 015205
. . KRAKERS - 016601 e
oUToTCE 020325
- .. ALNLOGE ~g2042¢ B
EXPE 020460 -
c~~  —3QRTE  p20524
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